Global Ca 2ϩ signals in intact cells can display spatially and temporally complex patterns such as waves and oscillations (1) (2) (3) (4) (5) . Previous studies have shown that such complex signals are due to the coordinated recruitment of elementary Ca 2ϩ release units (for reviews see Refs. 6 and 7). Examples of signals arising from such elementary Ca 2ϩ release units are the "Ca 2ϩ sparks" in cardiac muscle cells (8 -10) and the "Ca 2ϩ puffs" in Xenopus oocytes (11) , PC12 cells (12) , HeLa cells (13) , and endothelial cells (14) . Elementary Ca 2ϩ release events are short duration highly localized signals (6, 7) that dissipate rapidly due to diffusion into the cytoplasm and sequestration into the intracellular stores. Unless these Ca 2ϩ release units become functionally coupled, such elementary signals remain spatially restricted.
We previously described that elementary events, such as Ca 2ϩ puffs, were responsible for both the initiation and propagation of global Ca 2ϩ waves in HeLa cells (13, 15) and that they can be used to specifically elevate nuclear Ca 2ϩ (16) . However, although the role of these elementary events in generating global and local Ca 2ϩ signals is becoming clear, molecular information concerning the distribution and structure of the Ca 2ϩ channels (inositol 1,4,5-trisphosphate receptors; InsP 3 Rs), 1 which underlie these events, is not available. In a previous study, we analyzed the characteristics of agonist-stimulated elementary Ca 2ϩ signals in HeLa cells and found two types of events, which differed in amplitude and kinetics (13) . For the smallest signals (amplitude ϳ30 nM; lifetime Ͻ500 ms; spatial spreading Ͻ2 M) we estimated an underlying ionic current close to that of a single InsP 3 R (ϳ1 pA) and therefore considered such signals to be fundamental signals arising from the opening of a single channel. Events with ϳ25-fold larger ionic currents (amplitude ϳ150 nM; lifetime ϳ1 s; spatial spreading ϳ4 -7 M) were also observed and were suggested to reflect the opening of a cluster of InsP 3 Rs. Similar activities have been observed in Xenopus oocytes by Parker and colleagues (11, 17) and were denoted "Ca 2ϩ blips" and "Ca 2ϩ puffs" for the small and larger events, respectively. Earlier analysis of elementary Ca 2ϩ signals in HeLa cells and Xenopus oocytes suggested that, with very few exceptions, they could be ascribed to either Ca 2ϩ blips or puffs. These data supported the idea of a 3-tier hierarchy of InsP 3 -evoked events, ranging from the fundamental blips to intermediary puffs and ultimately global Ca 2ϩ waves (7, 13, 18) . The generation of such stereotypic elementary events places considerable constraints on the subcellular localization and operation of InsP 3 Rs because they must exist either in functional isolation for Ca 2ϩ blips or in clusters containing a fixed number of receptors for Ca 2ϩ puffs. In addition, the channels would need to display a very narrow spectrum of mean open times. In the present study, we investigated the properties of a large population of individual Ca 2ϩ release sites to address the notion of a 3-tier Ca 2ϩ signaling hierarchy. This analysis revealed that rather than existing as discrete stereotypic activities, the events comprise a continuum of amplitudes and lifetimes. Individual elementary Ca 2ϩ release sites produced events with different average amplitudes and frequently altered their magnitude of Ca 2ϩ release from event to event. Furthermore, the amount of Ca 2ϩ released was clearly sensitive to the stimulation strength (i.e. the histamine concentration) and displayed a partial desensitization during prolonged stimulation. Our data are consistent with a scheme where InsP 3 Rs exist in clusters containing variable numbers of chan-nels and that within such clusters any number of channels can be recruited.
EXPERIMENTAL PROCEDURES
HeLa cell culture and preparation for imaging was performed as described previously (13, 19) . The culture medium was replaced with an extracellular medium containing (mM): NaCl, 121; KCl, 5.4; MgCl 2 , 0.8; CaCl 2 , 1.8; NaHCO 3 , 6; glucose, 5.5; HEPES, 25; pH 7.3. Cells were loaded with fluo-3 by incubation with 2 M fluo-3 acetoxymethyl ester (Molecular Probes) for 30 min, followed by a 30-min de-esterification period. All incubations and experiments were carried out at room temperature (20 -22°C). Confocal cell imaging was performed as described elsewhere (15). Briefly, a single glass coverslip was mounted on the stage of a Nikon Diaphot inverted microscope attached to a Noran Odyssey or Oz laser-scanning confocal microscope, equipped with a standard argon-ion laser for illumination. Fluo-3 was excited using the 488 nm laser line, and the emitted fluorescence was collected at wavelengths Ͼ505 nm. Images were acquired using the confocal microscopes in image mode at frequencies between 7.5 and 30 Hz. Offline analysis of the confocal data was performed using a modified version of NIH Image. Absolute values for Ca 2ϩ i were calculated according to the equation
. f min and f max were determined by permeabilizing the cells with A23187 in the presence of 10 mM EGTA or 10 mM CaCl 2 , respectively. The K d of fluo-3 for Ca 2ϩ inside HeLa cells was determined empirically to be 810 nM (20) . Histamine solutions were applied using a homemade solenoid-controlled perfusion system (dead time Ͻ 0.5 s). Fig. 1 . Two independent elementary Ca 2ϩ release sites were seen to be active before the onset of the global response (regions 1 and 2 in Fig. 1 ). In this example, the regenerative global Ca 2ϩ i signal was triggered by an increase in the frequency of the events, as can be seen by the rapid firing of the Ca 2ϩ puffs just prior to the wave.
RESULTS

Recruitment of Elementary
The two elementary Ca 2ϩ release sites within the cell illustrated in Fig. 1 produced Ca 2ϩ puffs with little variation between events, consistent with the notion of stereotypic elementary events. However, in contrast to the similarity of these events, we have frequently observed more variable responses from single elementary Ca 2ϩ release sites, as shown in Fig. 2A . The Ca 2ϩ puff site depicted in Fig. 2A displayed multiple events during stimulation of the cell with histamine, but the events differed considerably in both amplitude and duration. The level of stimulation of the cell was sufficient to trigger a train of elementary Ca 2ϩ signals, but not to evoke a global response. However, the variability of the Ca 2ϩ puffs shown in Fig. 2A was not simply a consequence of a sub-threshold agonist concentration because events with a more consistent amplitude could be evoked by the same nonregenerative stimulus in a different cell (Fig. 2B) .
These data present opposing information concerning the functioning of elementary Ca 2ϩ release sites; at one site the 
Nonstereotypic Elementary Ca 2ϩ Signals
Ca 2ϩ puffs appeared to vary widely from event to event ( Fig.  2A) , while other sites gave rise to stereotypical signals (Figs. 1 and 2B). To understand which of these patterns of response represented the most common situation and whether the elementary Ca 2ϩ signals in HeLa cells were actually stereotypical and could be ascribed to a 3-tier hierarchy, we compared the characteristics of Ca 2ϩ puffs between and within individual cells.
HeLa Cells Display a Continuum of Elementary Ca 2ϩ Release Events-Examples of the spatial and temporal profiles of elementary Ca
2ϩ signals observed in different cells are shown in Fig. 3A . Although the cells were stimulated with the same histamine concentration, a different pattern of response was seen in each cell (Fig. 3A) probably due to the differential sensitivity of the cells to histamine. There was significant variation of the Ca 2ϩ puff characteristics between cells. The smallest signals (Fig. 3A, a) were similar to the previously described Ca 2ϩ blips (13, 17) , while the intermediate signals (Fig. 3A, b ) approximated previous descriptions of Ca 2ϩ puffs (11, 13) . The largest signal (Fig. 3A, c) was Ͼ2-fold greater than the Ca 2ϩ puffs we had previously characterized. Repetitive stimulation of the cells evoked similar responses (data not shown).
The histogram of 958 Ca 2ϩ puffs from 206 different cells (Fig.  3B) shows that rather than displaying discrete steps, the events appear to have a broad range of amplitudes from ϳ15 to Ͼ600 nM (mean 216 Ϯ 4 nM; mode ϭ 120; events above 600 nM are not shown). These data are more consistent with the notion of a continuum of Ca 2ϩ puff amplitudes rather than a hierarchy of discrete amplitudes. The continuum of amplitudes was not due to the inclusion of out of focus events, since only those signals that peaked within 3 frames (133 ms per frame) were included in the plot. Importantly, there was no significant difference between the average amplitude of events that peaked in 1, 2, or 3 frames (Fig. 3B, inset) . The histogram in Fig. 3B therefore represents the amplitude of events that were similarly in focus.
In addition to a wide distribution of Ca 2ϩ puff amplitudes, considerable variation was also observed in their lifetimes (fullwidth at half-maximal amplitude; FWHM, Fig. 3C, a) . Such a spread of lifetimes would be expected for Ca 2ϩ puffs that differed in amplitude, since a high amplitude signal should have a longer lifetime than a lesser signal, providing the Ca 2ϩ buffering and sequestration mechanisms were equal for both events. We did observe such a relationship between amplitude and duration (Fig. 3C, b) , although the correlation was not high (r 2 ϭ 0.69); some high amplitude Ca 2ϩ puffs displayed a more rapid recovery than lower amplitude signals.
Behavior of Individual Ca 2ϩ Puff Sites-We sought to understand the molecular basis for the continuum of Ca 2ϩ puff amplitudes presented in Fig. 3B , by investigating the activity of individual release sites in more detail. Our analysis revealed that the patterns of response illustrated in Fig. 2, A and B, i.e. similar-or variable-amplitude events at a single site, were observed with an approximately equal frequency. Some sites displayed an ϳ5-fold spread of amplitudes (e.g. sites 1 and 5 in Fig. 4 ) while others displayed events with an ϳ0.2-fold spread (e.g. sites 2, 4, and 6 in Fig. 4 ). There was no correlation between the average amplitude and the spread of the amplitudes for individual Ca 2ϩ puff sites. For example, sites 1 and 5 both showed an ϳ5-fold spreading but had different average amplitudes.
The data presented in Fig. 4 demonstrate a clear variability of Ca 2ϩ puff sites both in mean amplitude and spread of amplitudes. However, since the events plotted in Fig. 4 were recorded from different cells, we were concerned that factors such as differential fluo-3 loading or histamine sensitivity may have contributed to the observed variation. We therefore com- pared the responses of different Ca 2ϩ puff sites within individual cells. Fig. 5 illustrates typical Ca 2ϩ puff amplitudes from cells displaying either 2 or 3 independent sites. Similar to the patterns of response shown in Fig. 4 , significant variation of both mean amplitude and spread of amplitudes could be observed from Ca 2ϩ puff sites between cells. More importantly, however, the data reveal that independent Ca 2ϩ puff sites in the same cell produced events with significantly different amplitudes ( Fig. 5; cells 1, 4, 5, and 6) . In some cells the difference in average amplitude between two independent sites was modest, although significant ( Fig. 5; cell 1) , while in other cells there was a large difference in amplitude ( Fig. 5; cells 4 and 6 ). Other cells with 2 or 3 independent sites displayed no significant difference between events ( Fig. 5; cells 2 and 3) . The fact that one Ca 2ϩ puff site inside a cell displayed a high or low amplitude did not necessarily indicate that another site would show a statistically different mean amplitude. Differences between sites were seen whether the average Ca 2ϩ puff amplitudes were large ( Fig. 5; cell 4) or small ( Fig. 5; cell 5) .
Hormone Concentration, Desensitization, and Cell Age Can Affect the Relative Position of the Continuum-The experimental results described above illustrated the subcellular variability of individual Ca 2ϩ puff sites. We also investigated other processes that could impinge on the distribution of puff amplitudes. Increasing agonist concentrations evoke greater InsP 3 production in HeLa cells (19) and trigger more substantial increases in the average global Ca 2ϩ i signal (13, 22 release sites or alteration of the amount of Ca 2ϩ liberated by these sites. We therefore investigated whether there was any effect of varying histamine concentrations on the amplitude of Ca 2ϩ puffs. As illustrated in Fig. 6 , changing the histamine concentration between 0.1 and 1 M significantly altered the distribution of Ca 2ϩ puff amplitudes. The mean amplitudes (Ϯ S.E.) for 0.1, 0.5, and 1 M histamine were 143 Ϯ 4 (n ϭ 482), 257 Ϯ 13 (n ϭ 175), and 369 Ϯ 13 (n ϭ 306), respectively. These data indicate that the Ca 2ϩ puffs were on average 2-fold larger with 1 M histamine than with 0.1 M, although the range of amplitudes observed was approximately the same with all three concentrations (ϳ20 to 650 nM). These results suggest that the increased InsP 3 production which accompanies the increased histamine concentration not only influences the global Ca 2ϩ response but also increased the amplitudes of the underlying elementary Ca 2ϩ release signals. In approximately 10% of the cells that displayed a prolonged train of Ca 2ϩ puffs during histamine stimulation, the amplitude of the events progressively declined (mean t1 ⁄2 for decay of 32.5 s; Fig. 7) . Such a time-dependent reduction of hormone responsiveness can also be seen at the global level, i.e. smaller amplitude Ca 2ϩ spikes and waves (13), reflecting desensitization of the Ca 2ϩ signaling pathway. However, we were concerned that such a decline of Ca 2ϩ puff amplitudes arose artifactually due to problems associated with recording from the cells for prolonged periods such as fluo-3 bleaching. Continuous illumination of cells in the absence of agonist did not inhibit Ca 2ϩ signals evoked by the subsequent application of histamine or cause the Ca 2ϩ puffs to have low amplitudes (data not shown). These data suggest that the decline of the Ca 2ϩ puff amplitudes (Fig. 7) reflected a real change in the response of the cells.
Another factor influencing Ca 2ϩ puff amplitude was that it varied significantly between different days, despite using identical conditions and solutions. For example, on two independent days 0.1 and 0.5 M histamine evoked Ca 2ϩ puffs with mean amplitudes of 124 Ϯ 4 (n ϭ 386) and 199 Ϯ 19 nM (n ϭ 80) (day 1) and 221 Ϯ 16 (n ϭ 43) and 301 Ϯ 15 nM (n ϭ 129) (day 2). Although the average size of Ca 2ϩ puffs altered between days, the spread of amplitudes (ϳ40 -600 nM; data not shown) was the same for both days.
DISCUSSION
Elementary Ca 2ϩ signals, such as puffs and sparks, are the source of Ca 2ϩ for local signaling and also the building blocks from which global Ca 2ϩ signals are composed (6, 7, 23) . The characteristics of such elementary Ca 2ϩ signals convey important information concerning the properties of the intracellular Ca 2ϩ release channels through which these signals are generated. Although it has been shown that the three InsP 3 R isoforms may be differentially distributed in specific subcellular areas with perhaps different functions, little is know about the distribution of InsP 3 Rs on the surface of the intracellular Ca 2ϩ stores and their behavior within the clusters they form.
The aim of the present study was to investigate the function- Figs. 2 and 4) , ranging from ϳ15 to Ͼ600 nM (Fig. 3B) . Importantly, we found variation of the amplitude of Ca 2ϩ puffs at multiple sites within the same cells (Fig. 5) , where differences between cells in terms of variable histamine sensitivity or fluo-3 loading can be negated. Such observations are not compatible with the concept of a stereotypic hierarchy of calcium signals but suggest that elementary Ca 2ϩ signals comprise a continuum of events. Such a continuum is set by the boundaries of a single InsP 3 R opening on one hand and the concerted opening of a maximally sized cluster of InsP 3 Rs on the other hand. Inside these boundaries, both the number of recruited channels within a cluster and their gating characteristics (24) determine the amplitude of the elementary Ca 2ϩ release event. In a previous study, we reported that the amplitude of elementary Ca 2ϩ signals arising from a single site could grow ϳ9-fold as the response proceeded (15). This pattern is usually observed during the "pacemaker" Ca 2ϩ rise as the cell approaches the threshold for evoking a regenerative Ca 2ϩ wave and may arise due to the synergistic effect of InsP 3 and the slowly elevating [Ca 2ϩ ] i . In the present study we only included elementary Ca 2ϩ signals that were not accompanied by such an increase in the ambient Ca 2ϩ concentration to avoid similar synergistic effects. The continuum presented in Fig. 3B therefore represents the range of amplitudes arising from the stochastic opening of InsP 3 Rs, without cross-talk from previous elementary events or other Ca 2ϩ release sites. We also observed that the elementary Ca 2ϩ signals were not stereotypic in their duration. However, the broad spread of lifetimes (Fig. 3C, a) did not simply parallel the continuum of amplitudes, with the larger and smaller events lasting longer and shorter, respectively. Rather, there was considerable variation between the duration of Ca 2ϩ puffs with similar amplitudes. The low correlation between amplitude and duration (Fig. 3C, b) indicates that different Ca 2ϩ puff sites operate in local environments with a substantial variation in Ca 2ϩ sequestration/buffering capacity. Consistent with this scheme, we have found that a particularly important factor determining the duration of elementary Ca 2ϩ signals in HeLa cells is their position relative to the nucleus. We previously demonstrated that perinuclear Ca 2ϩ puffs often displayed Ͼ10-fold longer decay phases than those events more distant from the nucleus (16) . This prolongation of the elementary Ca 2ϩ signal probably reflects the lack of Ca 2ϩ buffering/sequestration within the nucleus. Fig.  4 were within 20 nM of each other, while the 9 events at site 7 spanned 300 nM. These two response patterns were seen in approximately equal proportion and were reproducible with repeated stimulation (data not shown), which indicated that they must be a property of the release site itself.
Clearly, elementary Ca 2ϩ signals in HeLa cells are not stereotypic but display considerable variability between Ca 2ϩ release sites and often between events at a single site. Several mechanisms could account for such a behavior for the individual release sites, such as (i) all-or-none activation of InsP 3 R clusters containing different numbers of channels, (ii) smoothly graded recruitment of InsP 3 Rs within a cluster, and (iii) variation in InsP 3 R open times. The observation that some Ca 2ϩ puff sites gave relatively consistent signals (e.g. Fig. 4, sites 2 , 4, and 6), but a different mean amplitude, supports the notion that release sites are indeed composed of a characteristic, but variable, number of InsP 3 Rs and that these sites are activated in an all-or-none manner. A graded recruitment of InsP 3 Rs within a cluster could account for the event-to-event variation seen at some sites (e.g. Fig. 4, sites 1, 3, 5, and 7) . The basis for these event-to-event variations might be found in the loose functional coupling between individual InsP 3 Rs, due to the greater physical distance between the receptors, or their variable sensitivity toward both (26) . In a previous study, we calculated that elementary Ca 2ϩ release sites in HeLa cells contained between 1 and 25 channels (13) .
It is difficult to give a precise value for the number of InsP 3 Rs in a cluster because little is known about the gating behavior of InsP 3 Rs in vivo. In particular, the local buffers and the mean open times of the single channels significantly influence the estimation of the composition of the clusters. In addition, the different sensitivity of the isoforms for Ca 2ϩ -dependent inhibition may also alter the estimated number of receptors in a cluster, since the channels with a greater sensitivity would have a lower probability to stay open for long times. A refinement for estimating the number of InsP 3 Rs in a cluster is the consideration of the signal mass, rather than using the integral of the rising phase of an elementary Ca 2ϩ release event, as was suggested recently by Parker and co-workers (26 (13, 27) . The analogous functional behavior of InsP 3 Rs in HeLa cells and Xenopus oocytes is striking given that (i) these cells vary by more than 10,000-fold in volume and (ii) that the elementary events in Xenopus oocytes were activated by the exogenous introduction of InsP 3 , whereas we use hormonal stimulation.
The consequence of stimulating cells with a hormone is that we can visualize the gradual build-up and decay of Ca 2ϩ signals during physiological changes of the InsP 3 concentration. This includes changes in the spatial recruitment, amplitude, and frequency of elementary Ca 2ϩ signals during the pacemaker (15), as well as desensitization of the Ca 2ϩ puffs during prolonged hormone stimulation (Fig. 7) 
